This Letter describes a quantitative phase microscopy for microfluidic devices using a simple selfreferencing interferometry. Compared with the gross dimensions of the microfluidic device, the microchannel occupies only a small area of the device. Hence, the reference field can be generated by inverting the relative position of the specimen and background. Our system is realized using an extended depth-of-field optics in the form of Michelson interferometry, which allows quantitative phase measurement for an increased depthof-field without moving objective lens or specimen. Furthermore, the system can be readily converted to a higher signal-to-noise ratio Hilbert phase microscopy thanks to the simultaneous acquisition of double interferograms. The performance of our system is verified using polymer beads, micropatterning poly(dimethylsiloxane) (PDMS), and embryo cells in the microchannels.
Phase microscopy is commonly used to visualize live cells without an exogenous contrast agent. Owing to inhomogeneous refractive index in the sample and background, the phase information reflects the optical path length (OPL) of the transmitted light through a sample. Phase contrast and differential interference contrast (DIC) have traditionally been used to obtain phase contrast by changing OPL using specialized optical components. However, these types of conventional phase microscopy fail to measure the quantitative phase image. Recently, several quantitative phase microscopes (QPMs) have been extensively applied in biological research areas [1] [2] [3] [4] [5] . Fourier phase microscopy applies the principle of phase contrast microscopy and phase shifting interferometry (PSI) [1] . In the case of Hilbert phase microscopy (HPM), the optical system delivers light using an optical fiber to minimize the phase noise, and Hilbert transform reconstruction improves the temporal resolution up to a few milliseconds using a single phase measurement [2] . Optical quadrature microscopy is developed using simultaneous recording of multiple phase images [3] . Digital holographic microscopy allows three-dimensional-imaging-based holography [4] . Many QPMs generate interferograms using an isolated reference field from nonscattered light through separate optical paths. To remove heterogeneous phase noise due to distinct beam paths, diffraction phase microscopy [5] splits a single object image with a diffraction grating through which the firstorder diffracted field becomes the object field, whereas the zeroth-order field is used as the reference field.
In this Letter, we develop a type of self-reference interferometry especially suitable for monitoring microfluidic devices. Our system uses the light through the nonchannelized areas of microfluidic devices as a reference field. More specifically, using Michelson interferometry, incident beams through the channel and nonchannel areas are split onto the reference and the object arms [Figs. 1(a) and 1(b)]. Unlike conventional Michelson interferometry, the second objective lens is located in the object arm for image inversion. Since the reference arm and the object arm switch the relative position of the specimen and the homogeneous background, a double interferogram can be obtained, as shown in the insets of Figs. 1(a)  and 1(b) . Two distinct setups, PSI and HPM, can be readily implemented by changing the reflection optics in the reference arm. In the PSI setup, a reflection-type spatial light modulator (SLM), or a uniform phase shifter, controls the phase of the reference fields [ Fig. 1(a) ]. The main advantage is to replace the scanning of the objective lens or the specimen with a mirror scanning in the object arm to facilitate the increase of the depth of field [6] . This extended depth of field (eDOF) is especially important in such applications with limited working distance between objective and specimen. Furthermore, a mirror can be made small enough to move rapidly, enabling fast acquisition along a large depth of field [6] . In the HPM setup, a mirror is used instead of an SLM [ Fig. 1(b) ]. Since our setups form double interferograms simultaneously, a higher signal-to-noiseratio phase map can be obtained by averaging the two phase reconstructions.
Even though our system has the limitation of smaller field of view, it is still suitable for monitoring microfluidic devices, since a microfluidic device usually has a wide nonchannelized area compared with the channel area. Note that microfluidic devices are often developed for cell culturing or as drug screening tools [7, 8] . In particular, microfluidic systems can provide an in vivo-like environment for cell cultures as well as reaction environments for cell-based assays. Currently, to our knowledge, there is no distinct method to quantitatively measure the 3D morphological change of biological samples in microfluidic devices. Even though phase contrast or DIC microscopy is often used to qualitatively measure the 3D morphology, quantitative phase measurements are still important, and QPM is therefore a more reliable measurement technique. Figures 1(a) and 1(b) illustrate the PSI and HPM setups for our experiment. Two types of 40ϫ objective lens (0.55 and 0.75 NA) and a 100ϫ objective lens ͑1.30 NA͒ are used at MO1. To implement the eDOF optics, a pair of objective lenses (MO1 and MO2) with identical tube lenses (L1 and L2) are used. In the object arm, the MO2 (M =20ϫ, 0.5 NA) inverts the relative position of the specimen and background images. In the reference arm, SLM (LC-R 2500, Holoeye) is used for the PSI setup, whereas a mirror (M4) is used for the HPM setup. The phase of the reflected light from the SLM is shifted in 0 -2 with the 8-bit resolution. To acquire phase shifts, the gray level of the SLM is controlled by an external computer interface, and the polarizer and the analyzer convert the gray-level variation into phase shifts. In the HPM setup, the polarizer (P) and analyzer (A) are not necessary. A complementary metal-oxide semiconductor (CMOS) detector (450D, Canon) of 4272ϫ 2848 pixels with 5.2 m pitch has been used. The focal length of the adaptor lens (L3) is 200 mm.
The CMOS measurement is then described as follows:
where I R and I O are the reference and object fields, respectively, and q͑x͒ is the spatial modulation pattern controlled by the tilting angle of each arm. In Eq. (1), ␦ i 's correspond to the phase shifts due to the SLM or the mirror. In the PSI setup, the conventional multiple step phase-shift algorithm is used as ⌬ = tan −1 ͕͓I 4 ͑x͒ − I 2 ͑x͔͒ / ͓I 3 ͑x͒ − I 1 ͑x͔͖͒, using the four phase shifts
. In the HPM setup, a single phase shift ␦ 1 = 0 is needed, and the phase is calculated based on the Hilbert transform [2] :
where Ĩ 1 ͑xЈ͒ is obtained by removing the low spatial frequency background signal [2] . The phase measurement is then calculated by taking ⌬ = tan −1 ͕Im͓z͑x͔͒ /Re͓z͑x͔͖͒ of the complex value z͑x͒. Since our setup forms double interferograms simultaneously, two phase maps can be calculated. Therefore, the phase noise can be reduced by averaging the two phase reconstructions.
We first verify the eDOF performance of our system. The diameter of the 3 m polystyrene bead ͑n = 1.59͒ is measured using the PSI setup with a 100 ϫ ͑NA= 1.30͒ objective lens (MO1). The bead mixed by poly(dimethylsiloxane) (PDMS) is placed between two cover slides. Figure 2 illustrates the quantitative phase images when the beads are located at various distances from the focal plane of the objective lens. At the out-of-focus locations, the bright-field images from the 100ϫ objective lens are severely blurred, as shown in the image inset of Fig. 2 . However, thanks to the eDOF optics, the diameter of the bead is measured at about 3 m at every distance, even without scanning the objective lens or the specimen, and the corresponding phase maps are quantitatively accurate. The calculated maximum height of the bead also confirmed the reliability of the phase map at various distances. Next, we measured the micropatterned array fabricated by the PDMS molding technique [9] . A mixture of PDMS and curing agent (Sylgard 184, Dow Corning, MI) in a ratio of 10:1 was poured onto the patterned structure, and was removed it after curing. The height of the pattern is Fig. 2 . Calculated phase maps using our PSI setup.
February 15, 2010 / Vol. 35, No. 4 / OPTICS LETTERS1 ± 0.1 m, found with the atomic force microscopy (AFM) (XE120, PSIA) and white-light scanning interferometry (WLSI) (PWM-T250, Pemtron). We measure the thickness of the sample using the formula h͑x , y͒ = ⌬ /2⌬n, where ⌬n is the refractive index difference. Here, the refractive index of PDMS is 1.4 [10] . The calculated phase images in Figs. 3(b) and 3(c) are acquired using the phase-unwrapping algorithm described in [11] , after the subtraction of the background image using 2D weighted polynomial fitting. The thickness profiles are shown in Fig. 3(d) , which illustrates that our measurements are within the range of WLSI and AFM measurements. Finally, Fig. 4(a) illustrates the microfluidic device for cultivation of a fertilized bovine embryo [12] . The microchannel is filled by PBS for cultivation of bovine embryo. The width of the microchannel is 180 m, and the diameter of the bovine embryo is similar to the size of the microchannel. Figure 4 (b) illustrates a typical double interferogram measurement from our setup. Compared with the phase contrast image in Fig. 4(a) , the quantitative phase image from the PSI setup in Fig. 4 (c) reveals the 3D morphology as well as the OPL deviation more clearly. Figure 4(d) illustrates the profile along the white dashed line in Fig.  4(c) , corresponding to the zona pellucida that surrounds the embryo for developing cells. The OPL deviations of the zona pellucida and the single cell were reported previously for the case of a mouse embryo [13] . However, we are not aware of any results for bovine embryos. The height deviations of the measured OPL deviations in Fig. 4(d) are slightly higher than the previous reported result for a mouse embryo, which may reflect different embryo sizes between species.
In summary, we developed a self-reference interferometry using eDOF optics. The reference field was generated by inverting the relative position of the sample and the background images. Two types of setup, PSI and HPM, were developed. Our PSI setup allowed quantitative phase measurements for an increased depth of field without scanning the objective lens or the specimen, whereas our HPM setup significantly reduced the phase noise thanks to the simultaneously measured two phase maps.
